c-Jun N-terminal protein kinase (JNK) and p38 mitogenactivated protein kinase are activated by stress and are implicated in regulation of apoptosis in several tissues. However, their contribution to stress-induced apoptosis in CNS neurons is not well defined. Here we investigated the role of JNK and p38 in cortical neuron apoptosis caused by sodium arsenite treatment. Sodium arsenite is an environmental toxicant that causes developmental defects in the CNS. Treatment of cortical neurons with sodium arsenite activated p38 and JNK3 but not JNK1 or JNK2. It also induced c-Jun phosphorylation. Furthermore, sodium arsenite induced cortical neuron apoptosis. This apoptosis was attenuated by SB203580, an inhibitor of p38, and by CEP-1347, an inhibitor of JNK activation. Expression of dominant-interfering mutants of the JNK or p38 pathways inhibited apoptosis induced by arsenite, whereas expression of constitutive active mutants for either pathway induced apoptosis. Moreover, the caspase inhibitor zVAD-fluoromethylketone as well as expression of bcl-2 or bcl-xL inhibited cortical neuron apoptosis induced by arsenite or by constitutive activation of JNK or p38. These data indicate that both JNK and p38 contribute to arsenite-induced apoptosis in primary CNS neurons, and this apoptosis requires the bcl-2-caspase pathway. This is the first evidence that a specific JNK isoform is differentially activated by stress and contributes to neuronal apoptosis.
Apoptosis plays an important role during neuronal development and in the homeostasis of the adult nervous system (Cowan et al., 1984; Oppenheim, 1991; Raff et al., 1993) . Abnormal neuronal apoptosis may contribute to various neurodegenerative diseases (Thompson, 1995; Stefanis et al., 1997) . Elucidation of mechanisms that regulate neuronal apoptosis may provide insights concerning the prevention and treatment of these disorders.
Recent studies have implicated the stress-activated protein kinase c-Jun N-terminal protein kinase (JNK) and p38 mitogenactivated protein (MAP) kinase pathways as key regulators of apoptosis (Estus et al., 1994; Ham et al., 1995; Mesner et al., 1995) . For example, activation of JNK or p38 contributes to PC12 cell apoptosis caused by nerve growth factor (NGF) withdrawal (Xia et al., 1995) . Nevertheless, the contribution of JNK and p38 to neuronal apoptosis is not well defined. Although some studies suggested a role for JNK or p38 in neuronal apoptosis (Kawasaki et al., 1997; Yang et al., 1997; Bazenet et al., 1998; Luo et al., 1998; Behrens et al., 1999; Le Niculescu et al., 1999; Camandola et al., 2000; Kanamoto et al., 2000) , other studies failed to implicate these kinases in neuronal apoptosis (Migheli et al., 1997; Gunn-Moore and Tavare, 1998; Watson et al., 1998; Anderson and Tolkovsky, 1999) . For example, c-Jun phosphorylation but not JNK activation is required for superior cervical ganglion neuron apoptosis after NGF deprivation . Depending on the specific region of the brain examined, there is either an increase or a decrease of apoptosis in the brains from JNK1/2 Ϫ /Ϫ mice during development, suggesting both a proapoptotic and an antiapoptotic role of JNK in brain development (Kuan et al., 1999) . More interestingly, activation of p38 is implicated in promoting survival of cerebellar granule cells (CGCs) (Mao et al., 1999) .
The objective of this study was to define the role for JNK and p38 MAP kinases in cortical neuron apoptosis and to determine whether both JNK and p38 are required. Another goal was to determine which of the JNK isoforms contribute to neuronal apoptosis. There are three genes encoding JNK, JNK1, JNK2, and JNK3, and mRNA for all three genes is expressed in the brain (Gupta et al., 1996) . However, JNK3 is the only neural-specific isoform (Martin et al., 1996) . Do the JNK isozymes differentially contribute to stress-induced apoptosis? To address these issues, we induced apoptosis in cortical neurons using sodium arsenite and evaluated the role of p38 and specific isoforms of JNKs in neuron death. Sodium arsenite was chosen because it is an environmental toxicant that causes human cancer and CNS defects (Clarkson et al., 1985; Clarkson, 1987; Snow, 1992; Domingo, 1994; Hartwig, 1995; Shalat et al., 1996) . Exposure of mouse embryos in culture to micromolar levels of sodium arsenite results in open neural tubes, probably because of increased cell death (Chaineau et al., 1990; Tabocova et al., 1996) . Cortical neurons were chosen because the importance of JNK and p38 for apoptosis in these neurons has not been evaluated, and they are frequently damaged during neurodegenerative diseases. Our data suggest that both p38 and JNK3 contribute to arsenite-induced cortical neuron apoptosis.
MATERIALS AND METHODS
Plasmids. The following plasmids have been described previously: pON260, which encodes ␤-galactosidase (Cherrington and Mocarski, 1989) , the wild-type M K K3, the constitutively active pRc / RSV-Flag-M K K3(Glu), the dominant negative pRc / RSV-Flag-M K K3(Ala), the wild-type p38␣ (X ia et al., 1995), pcDNA3-Flag-bcl-2 and bcl-xL (del Peso et al., 1997) , the constitutive active pC M V5-M EK K1 (Whitmarsh et al., 1995) , the kinase dead pC M V5-M EK K1 (X ia et al., 1995) , the dominant negative pcDNA3-ASK1 (K709R) (Ichijo et al., 1997) , the constitutive active cdc42 (pC M V-cdc42 V12-myc-tagged) (Minden et al., 1995) , the dominant negative cdc42 (pCEV-cdc42 N17) (Coso et al., 1995) , and the c-Jun dominant negative mutants pcDNA1-Flag-⌬169 (Ham et al., 1995) and pC M V-TAM67 (⌬3-122) (Rapp et al., 1994) . The pC aM K II-JBD plasmid was constructed as follows. A HindIII-EcoRI fragment containing a Flag-tagged JN K binding domain (JBD) cDNA fragment (0.5 kb) was isolated from pcDNA3-Flag-JBD plasmid (Dickens et al., 1997) , bluntended, and inserted into the EcoRV site of pN N265 (a gift from Dr. Mark Mayford, University of C alifornia, La Jolla, CA) to give rise to pN N265-Flag-JBD. The NotI fragment containing the SV40 small-t intron and early polyadenylation sequences as well as the Flag-JBD region was isolated from pN N265-Flag-JBD and inserted into pMM403 plasmid, which contains the C a 2ϩ /calmodulin-activated protein kinase (C aM kinase) II-␣ promoter (pC aM K II) (Mayford et al., 1996) . The final plasmid construct pC aM K II-Flag-JBD (13.4 kb) contains a 10.5 kb SfiI DNA fragment including an 8.5 kb C aM K II-␣ promoter and Flag-JBD cDNA coding sequence.
Primar y cortical neuron cultures. Cortical neurons were prepared from newborn Sprague Dawley rats as described (Hetman et al., 1999 (Hetman et al., , 2000 . Briefly, dissociated cortical neurons were plated in 60 mm culture dishes for biochemistry experiments or in 35 mm dishes for transfection experiments at a density of 2000 -2500 cells/mm 2 and cultured in basal medium Eagle (BM E) supplemented with 10% heat-inactivated bovine calf serum, 35 mM glucose, 1 mM L-glutamine, 100 U/ml penicillin, and 0.1 mg /ml streptomycin and maintained in a humidified incubator with 5% C O 2 at 37°C. Plates and glass coverslips were coated with poly-D-lysine and laminin. C ytosine-␤-D-arabinof uranoside (2.5 M; Sigma, St. L ouis, MO) was added to cultures on the second day after seeding [day in vitro 2 (DIV 2)] to inhibit the proliferation of non-neuronal cells. Previous studies demonstrated that Ͼ90% of the cells in this culture preparation are neurons (Hetman et al., 1999) . Cortical neurons were cultured for 6 d (DIV 6) before drug treatment.
Transient transfection of primar y cortical neurons. Cortical neurons were transiently transfected at DIV 3 using a calcium phosphate co-precipitation protocol as described (X ia et al., 1996; Hetman et al., 1999) . Briefly, the DNA-calcium phosphate precipitates were prepared by mixing 1 volume of DNA in 250 mM CaCl 2 with an equal volume of 2ϫ H EPES-buffered saline (2ϫ HBS; 274 mM NaC l, 10 mM KC l, 1.4 mM Na 2 HPO 4 , 15 mM D-glucose, and 42 mM H EPES, pH 7.07). The precipitates were allowed to form for 25-30 min at room temperature before addition to the cultures. The conditioned culture media were removed and saved. C ells were washed three times with BM E, and 1.5 ml of transfection media was added to each 35 mm dish. The transfection media consisted of BM E supplemented with 1 mM sodium kynurenate, 10 mM MgC l 2 , and 5 mM H EPES. The pH of the transfection media was kept high by incubating BM E in a dish at 37°C and 0% C O 2 for 30 min to "de-gas." Sixty microliters of the DNA-calcium phosphate precipitates were added drop-wise to each 35 mm dish and mixed gently. Plates were incubated at room temperature and ambient air for 5 min and then in a humidified incubator with 5% C O 2 at 37°C for 35-45 min. The incubation was stopped 20 -25 min after the layer of precipitate formed on the plates by "shocking" the cells for 2 min with 1ϫ HBS, 1 mM sodium kynurenate, 10 mM MgC l 2 in 5 mM H EPES, pH 7.5, and 5% glycerol. C ells were then washed three times with 2 ml of BM E. The saved conditioned media were added back to each plate, and cells were returned to the 5% C O 2 incubator at 37°C for 24 -48 hr before treatment or harvest. In our experience, expression of the transfected genes is quite high by 24 hr and normally peaks at ϳ40 -48 hr after transfection. Therefore, neurons were treated or harvested 48 hr after transfection for most experiments.
Quantitation of cell death and apoptosis. The effect of sodium arsenite on cortical neuron viability was determined by the 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) metabolism assay (Hansen et al., 1989; Hetman et al., 1999) . C ells were stained with a 2.5 g /ml concentration of the DNA dye Hoechst 33258 (bis-benzimide) to visualize nuclear morphology (Hetman et al., 1999) . Apoptosis was quantitated by scoring the percentage of apoptotic cells in the adherent cell population. Uniformly stained nuclei were scored as healthy, viable neurons. Condensed or fragmented nuclei were scored as apoptotic. To examine DNA cleavage, soluble cytoplasmic DNA was isolated and subjected to agarose gel electrophoresis (Hockenbery et al., 1990) . Statistical analysis of the data was performed using one-way ANOVA and Fisher's predicted least square determination post hoc test.
Detection of transfected cells. Primary neuron cultures were always cotransfected with an expression vector encoding ␤-galactosidase (pON260) as a marker for transfected cells (X ia et al., 1995; Hetman et al., 1999 Hetman et al., , 2000 . Neuron cultures were fixed for immunostaining 1-3 d after transfection. Transfected cells were detected by immunostaining with a polyclonal antibody to ␤-galactosidase (5Ј33Ј, Boulder, C O; 1:500 dilution) and Texas Red-conjugated goat antibody to rabbit IgG. C ells transfected with ␤-galactosidase stained red. Some of the expression vectors used in this study are epitope-tagged. The expression of these epitope-tagged proteins was directly detected by the corresponding anti-epitope-specific antibodies: M2 monoclonal antibody to Flag (Eastman Kodak, New Haven, CT; 15 g /ml) and 9E10 monoclonal antibody to c-myc (Oncogene Research Products, Boston, M A; 10 g /ml).
Assay of apoptosis in transfected cells. Apoptosis in transfected cells was assayed by nuclei fragmentation and condensation after Hoechst staining (X ia et al., 1995; Hetman et al., 1999 Hetman et al., , 2000 . To visualize the nuclei of transfected cells, we included the DNA dye Hoechst 33258 (2.5 g /ml) in the wash after the secondary antibody incubation. Transfected cells were scored blind for apoptosis under the fluorescence microscope at the single-neuron level. The percentage of apoptotic cells in the total transfected cell population was quantitated.
Western anal ysis and protein k inase assays. C ell lysates were prepared as described (Dérijard et al., 1994) , and 150 g of proteins was used for each kinase assay. The p38 activity was measured as described using an immune complex kinase assay and glutathione S-transferase (GST)-ATF-2 as substrates (X ia et al., 1995) or by Western analysis using an anti-phospho-p38 antibody (New England Biolabs, Beverly, M A) and an anti-p38 antibody (Santa Cruz Biotechnology, Santa Cruz, CA). To assay for total JN K activity (JN K1-3), a JN K capture assay was performed (Faris et al., 1998) . Briefly, cell lysates were incubated with recombinant GST-c-Jun (1-79) bound to glutathione-coupled agarose beads (Sigma), and the complex was washed extensively with lysis buffer. K inase activity in the complex was assayed by addition of [␥- 32 P]ATP. The JN K1 and 2 M AP kinase activity was quantitated by an immune complex kinase assay using GST-cJun (1-79) as substrate and a polyclonal antibody to JN K that recognizes both JN K1 and 2 (Dérijard et al., 1994) or a monoclonal antibody that recognizes JN K1 (PharMingen, San Diego, CA) to immune precipitate JN K1 and 2 together or JN K1 alone, respectively (X ia et al., 1995) . JN K3 activity was assayed as described . Briefly, cell lysates were immunoprecipitated with a mixture of a polyclonal antibody that recognizes both JN K1 and 2 (Dérijard et al., 1994 ) and a monoclonal antibody that recognizes JN K1 (PharMingen) to remove both JN K1 and 2 from the lysates. The remaining JN K3 kinase activity in the supernatant was assayed by the JN K capture assay. To ensure that JN K1 and 2 were completely removed from the supernatant, cell lysates (150 g) before and after JN K1 and 2 immunodepletion were analyzed by Western blotting using a monoclonal antibody that recognizes both JN K1 and 2 (PharMingen). Relative increases in kinase activity were determined by ImageQuant program of the autoradiographic image. Western analysis for c-Jun phosphorylation was performed using anti-phospho-c-Jun (Ser-73) antibody (New England Biolabs).
RESULTS

Arsenite induces apoptosis in cultured cortical neurons
To examine the toxic effects of sodium arsenite, cortical neurons were treated with varying concentrations of sodium arsenite (0 -15 M) and assayed for cell viability at various times after treatment using the MTT metabolism assay (Fig. 1) . Sodium arsenite reduced cell viability in a dose-and time-dependent manner. The cytotoxic concentrations of sodium arsenite reported here are comparable with those that are neurotoxic for mouse embryos (Morrissey and Mottet, 1983; Chaineau et al., 1990; Tabocova et al., 1996) .
To determine whether the reduced cell viability is attributable to apoptosis, cortical neurons were stained with the DNA dye Hoechst 33258 to visualize nuclear morphology. Sodium arsenite at concentrations from 2.0 to 10 M caused morphological changes characteristic of apoptosis, including degeneration of neurites, shrinkage of cell bodies, and fragmentation of nuclei (Fig. 2 A) . Induction of the apoptotic phenotype by sodium arsenite was dependent on the arsenite concentration and the time of incubation (Fig. 2 B) . Approximately 90% of the cells were apoptotic 48 hr after treatment with 10 M arsenite. Sodium arsenite also caused DNA cleavage into oligonucleosome fragments manifested as "DNA laddering," another hallmark of apoptosis (Fig. 2C) . The effect of arsenite on cell viability (data not shown) and apoptosis (Fig. 2 D) was inhibited by treatment with cycloheximide and actinomycin D. Collectively, these data indicate that sodium arsenite induces apoptosis in cortical neurons, which is dependent on gene expression and protein synthesis. . Expression of bcl-2 or bcl-xL protects cortical neurons from arsenite-induced apoptosis. Cortical neurons at DIV 3 were transfected with expression vectors for Flag-bcl-2 or Flag-bcl-xL (0, 2, or 4 g). All cells were also cotransfected with 1 g of plasmid DNA encoding ␤-galactosidase as a marker for transfection. Empty vector pcDNA3 was used to supplement the total DNA to 5 g in each case. Two days after transfection, neurons were treated with 7 M sodium arsenite for 24 hr. A, Representative photomicrographs of cortical neurons transfected with bcl-2 or a vector control. Transfected cells were identified by positive ␤-galactosidase staining (red, arrows). Note that after sodium arsenite treatment, although many of the vector control-transfected cells were apoptotic, showing fragmented or condensed nuclei, as indicated by arrowheads, most of the bcl-2-transfected cells were healthy. Scale bar, 25 m. B, Quantitative effect of bcl-2 or bcl-xL on arsenite-induced apoptosis. At least 800 cells were counted for each data point. Data are mean Ϯ SEM (n ϭ 3).
Contribution of the bcl-2 and caspase pathways to arsenite-induced apoptosis
Antioxidants including N-acetyl cysteine, glutathione, and taurine inhibit sodium arsenite-induced apoptosis in non-neuronal cells, suggesting a role for reactive oxygen species in arsenite-mediated apoptosis (Watson et al., 1996; Wang et al., 1997) . Both bcl-2 and bcl-xL protect against several forms of apoptosis possibly by blocking the generation of reactive oxygen species as one of the mechanisms (Hockenbery et al., 1993; Davies, 1995; Park et al., 1996; Reed, 1997) . Therefore, we examined the effect of expression of bcl-2 and bcl-xL on arsenite-induced apoptosis. To transiently express these proteins in cortical neurons, we used a modified calcium phosphate method that has been optimized in this laboratory (for details, see Materials and Methods). Cortical neurons were co-transfected with varying amounts of plasmid DNA encoding Flag-tagged bcl-2 or bcl-xL and an expression vector encoding ␤-galactosidase as a marker for transfection (Fig. 3A) . The expression of Flag-tagged bcl-2 or bcl-xL was also directly confirmed by anti-Flag immunostaining (data not shown). More than 90% of the transfected cells co-expressed the Flag epitope and ␤-galactosidase. E xpression of bcl-2 or bcl-xL almost completely protected cortical neurons from arsenite-induced apoptosis in transfected cells (Fig. 3B) .
Cortical neurons were also treated with zVAD-fluoromethylketone (zVAD), a broad-spectrum caspase inhibitor. zVAD almost completely inhibited arsenite-induced apoptosis (Fig. 4 A) . Moreover, zVAD treatment eliminated DNA laddering (Fig. 4 B) . These results suggest that regulation by bcl-2 family proteins and caspase activation are important for arsenite-mediated apoptosis in cortical neurons.
Activation of p38 is required for arsenite-induced cortical neuron apoptosis
To evaluate the contribution of p38 for arsenite-induced apoptosis in cortical neurons, p38 activity was measured by an immune complex kinase assay at various times after arsenite treatment (Fig.  5A ). Within 0.5 hr after treatment, p38 was activated by 10 M sodium arsenite, a concentration that induces apoptosis. The activation of p38 preceded the induction of apoptosis, and p38 activity remained elevated for at least 8 hr. Activation of p38 was confirmed by Western analysis using an anti-phospho-p38 antibody that specifically recognizes phosphorylated and activated p38 (Fig. 5B) .
The importance of p38 activation for induction of apoptosis was investigated by inhibition of p38. Treatment with 10 M SB203580, a specific inhibitor for p38 (Cuenda et al., 1995; Clifton et al., 1996) , partially protected cortical neurons from 5 M sodium arsenite (Fig. 6 A) . We also transfected cortical neurons with a dominant interfering mutant of MAP kinase kinase 3 (MKK3) to selectively block p38 activation. MKK3 is an upstream kinase that activates and phosphorylates p38 (Ip and Davis, 1998) . Expression Figure 5 . Sodium arsenite activates p38 in cortical neurons. Cortical neurons at DIV 6 were stimulated with 10 M sodium arsenite for the indicated times. p38 activity was determined by an immune complex kinase assay ( A) or by Western analysis using antibodies recognizing either phosphorylated and activated ( p-) p38 (top) or unphosphorylated p38 (bottom) (B). Antip38 Western was used to confirm an equal amount of protein loading in each gel lane and that changes of p38 activity did not result from changes in protein levels of p38. The intensity of the bands on Western blots was quantitated by scanning the Western blots and analyzed by ImageQuant analysis. The relative phospho-p38 was normalized to the total p38 from anti-p38 Western blots. Results are averages of three independent experiments Ϯ SEM. I.P., Immunoprecipitation. of the dominant-interfering mutant of MKK3 protected neurons against 5 M sodium arsenite (Fig. 6 B) . The ineffective inhibition of apoptosis after 10 M arsenite treatment could be attributable to incomplete inhibition of p38 MAP kinase activity by SB203580 or the dominant negative MKK3. For example, SB203580 does not inhibit all isoforms of p38 MAP kinase (Cuenda et al., 1997) . Moreover, other signaling pathways, e.g., the JNK pathway, may also play a key role in apoptosis induced by higher concentrations of arsenite.
If activation of p38 contributes to arsenite-induced apoptosis in cortical neurons, then direct and selective stimulation of p38 may induce apoptosis in the absence of other stress stimuli. Cortical neurons were transfected with a constitutive active form of MKK3 to activate p38. Expression of the constitutive active MKK3 increased apoptosis to 37%, threefold greater than control cells transfected with the expression vector (Fig. 7A) . Similarly, coexpression of a constitutive active MKK3 together with a wild-type p38 caused a threefold increase in apoptosis (Fig. 7 B, C) . This apoptosis was inhibited by coexpression of bcl-2 or bcl-xL (Fig. 7B) or by zVAD inhibition of caspase activity (Fig. 7C) . Expression of p38 and various forms of MKK3 in cortical neurons after transient transfection was confirmed by Western analysis (J. E. Cavanaugh and Z. Xia, unpublished observation). Furthermore, the constitutive active MKK3 but not the wild-type or the dominant negative MKK3 activated the co-transfected p38 (Cavanaugh and Xia, unpublished observation). Collectively, these data indicate that activation of p38 plays an important role in arsenite-induced apoptosis in cortical neurons.
JNK3 but not JNK1 or 2 is activated by arsenite in cortical neurons
To determine whether JNK contributes to arsenite-induced apoptosis in cortical neurons, JNK activity was assayed after arsenite treatment. There was a twofold increase in total JNK activity when cortical neurons were treated with 10 M sodium arsenite (Fig. 8 A) . The relative contribution of different isoforms of JNK was evaluated by assaying JNK1, JNK1 and 2, and JNK3 activities separately. JNK1 and 2 showed high basal activity that was not stimulated by arsenite (Fig. 8 B) . The high basal JNK1 and 2 activity is consistent with published observations concerning basal levels of JNK in rat brain (Xu et al., 1997) . Similar results were obtained when JNK1 activity alone was measured (Fig. 8C) . The antibodies used for monitoring JNK1 or JNK1 and 2 activities have been used in PC12 cells to show activation of JNK1 and 2 (Xia et al., 1995; Xia, unpublished observations) . Furthermore, the kinase assays were performed several times using varying amounts of cell lysates in an attempt to detect arsenite activation of JNK1 or 2 (data not shown). These results suggest that the increase in total JNK activity after arsenite treatment is not a result of JNK1 or 2 activation.
To test whether JNK3 is activated by arsenite, we first depleted JNK1 and JNK2 from the cell lysates using a mixture of a polyclonal antibody that recognizes both JNK1 and 2 (Dérijard et al., 1994 ) and a monoclonal antibody that recognizes JNK1 only. This treatment completely removed JNK1 and 2 from cell lysates (Fig.  9A) . The remaining JNK3 kinase activity in the supernatant was Constitutive and selective activation of p38 in cortical neurons is sufficient to induce apoptosis, which depends on caspase activity. A, Expression of constitutive active MKK3 induces cortical neuron apoptosis. Cortical neurons were transfected with 1 g of DNA encoding a constitutive active form of MKK3(Glu) (ca MKK3) or vector control. At least 500 transfected cells were counted. B, Expression of bcl-2 or bcl-xL blocks p38-induced apoptosis. Cortical neurons were cotransfected with cDNA encoding constitutive active MKK3 (ca MKK3; 1 g), wild-type p38␣ (1 g), bcl-2 (3 g), bcl-xL (3 g), or vector control as indicated. C, p38-induced apoptosis requires caspase activity. Cortical neurons were cotransfected with cDNA encoding constitutive active MKK3 (ca MKK3; 1 g), wild-type p38 (1 g), or vector control as indicated. Four hours after transfection, 100 M zVAD or vehicle control DMSO was added to the medium to inhibit caspase activity. Apoptosis in transfected cells was scored 48 hr after transfection. Data are mean Ϯ SEM (n ϭ 4 -6). *p Ͻ 0.05.
assayed by a capture kinase assay. In contrast to JNK1 and 2, the basal activity of JNK3 was not high, and JNK3 was activated 3.5-fold by 10 M sodium arsenite (Fig. 9B) . The JNK3 activation was apparent 30 min after arsenite treatment and persisted for at least 16 hr. These data indicate that JNK3 is selectively activated by arsenite stimulation in cortical neurons.
To determine whether c-Jun, a known JNK substrate, is phosphorylated in cortical neurons exposed to arsenite, we performed Western analysis using an anti-phospho-c-Jun antibody (Fig. 10) . Treatment of cortical neurons with sodium arsenite induced c-Jun phosphorylation. The kinetics of c-Jun phosphorylation was similar to that of JNK3 activation. Co-treatment of cortical neurons with CEP1347, an inhibitor of the JNK pathway (Maroney et al., 1998) , prevented c-Jun phosphorylation. These results suggest that increased c-Jun phosphorylation and transcription by activated JNK3 may be important for arsenite-induced apoptosis in cortical neurons.
Activation of JNK is critical for arsenite-induced cortical neuron apoptosis
If activation of JNK contributes to arsenite-induced apoptosis, then direct and selective stimulation of JNK may induce apoptosis in the absence of other stress stimuli. To address this issue, cortical neurons were transfected with a constitutive active cdc42, or a constitutive active MAP kinase/extracellular signal-regulated kinase (ERK) kinase kinase (MEKK) 1 to determine whether activation of JNK induces apoptosis. cdc42 is an upstream GTPase that activates the JNK pathway (Coso et al., 1995; Minden et al., 1995) , and MEKK1 is a JNK kinase kinase that activates JNK (Minden et al., 1994) . Expression of either constitutive active cdc42 or the MEKK1 was sufficient to induce apoptosis in cortical neurons (Fig. 11 A) . We also cotransfected cortical neurons with plasmids encoding a constitutive active MEKK1 and a JBD. JBD is a fragment of the JNK-scaffolding protein JIP, which interacts with cytoplasmic JNK (Dickens et al., 1997; Whitmarsh et al., 1998) . JBD prevents JNK translocation into the nucleus, thereby inhibiting JNK stimulation of transcription (Dickens et al., 1997) . It does not interfere with the signaling of p38 or ERK (Dickens et al., 1997) . The cDNA encoding JBD was placed under the control of a CaMKII␣ promoter, which directs neuron-specific expression of target genes (Mayford et al., 1995) . MEKK1-induced apoptosis was suppressed by co-expression of JBD but not by its vector control (Fig. 11 B) , confirming that MEKK1-induced apoptosis is Figure 9 . JNK3 is activated by arsenite. Cortical neurons at DIV 6 were stimulated with 10 M sodium arsenite for the indicated times. JNK1 and 2 in the cell lysates were depleted by immunoprecipitation. A, Western analysis using an antibody that recognizes both JNK1 and 2. One hundred fifty micrograms of protein extracts before and after JNK1 and 2 immunodepletion were used. Positions of molecular size markers (in kilodaltons) are indicated on the right. B, JNK3 activity. JNK1 and 2 in the cell lysates (150 g) were depleted by immunoprecipitation, and the remaining JNK3 activity in the supernatant was determined by a capture JNK assay. Data are results from four independent experiments Ϯ SEM. *p Ͻ 0.05; **p Ͻ 0.01. mediated by a JN K pathway. Furthermore, M EK K1-induced apoptosis was inhibited by coexpression of bcl-2 or bcl-xL (Fig.  11C) and by zVAD inhibition of caspase activity (Fig. 11 D) , suggesting that JN K-induced apoptosis in cortical neurons is caspase-dependent.
To assess the importance of JNK activation for arsenite-induced apoptosis, cortical neurons were transfected with two different expression vectors for dominant-interfering c-Jun. c-Jun is an AP-1 transcription factor and a downstream target of JNK. Transient expression of the dominant-interfering c-Jun constructs ⌬169 and TAM 67 antagonized arsenite-induced apoptosis in transfected cells (Fig. 12 A) . These data suggest a role for JNK activation in arsenite-induced apoptosis. However, the dominant negative c-Jun could potentially dimerize with other AP-1 proteins, thereby interfering with pathways independent from JNK. Therefore, JNK signaling was also inhibited by other approaches, and the effect on arsenite-induced apoptosis was evaluated. Cortical neurons were transiently transfected with an expression vector for JBD. Treatment of neurons with 7 M sodium arsenite induced apoptosis in 50% of control transfected cells, which was blocked by expression of JBD (Fig. 12 B) . Furthermore, expression of dominant negative forms of cdc42 (Fig. 12C) or ASK1 (Fig. 12 D) , but not a kinase dead form of MEKK1 (Fig. 12 E) , reduced arsenite-induced cortical neuron apoptosis. ASK1 is a JNK kinase kinase that activates JNK and has been implicated in several forms of apoptosis (Ichijo et al., 1997; Wang et al., 1999; Yamamoto et al., 1999; Kanamoto et al., 2000) . These data suggest that Cdc42 and ASK1 may be upstream components of the JNK3 signaling pathway that mediate arsenite-induced apoptosis in cortical neurons. The kinase dead MEKK1 is not a strong dominant negative mutant for blocking JNK activation; this may explain why it exhibted little effect on arsenite-induced apoptosis.
Cortical neurons were also treated with CEP-1347, a pharmacological inhibitor that prevents activation of JNK but not p38 or ERK (Maroney et al., 1998) (Fig. 12 F) . Treatment with CEP-1347 caused a statistically significant ( p Ͻ 0.01) reduction in cortical neuron apoptosis after treatment with 5 or 10 M sodium arsenite. Cotreatment of cortical neurons with both SB203580 and CEP-1347 provided more protection against cortical neuron apoptosis after 5 M arsenite treatment than either inhibitor alone. When cortical neurons were challenged with 10 M sodium arsenite, SB203580 alone was not neuroprotective, consistent with the data in Figure 6 . SB203580 also did not potentiate the neuroprotection afforded by CEP-1347 after 10 M arsenite treatment. Together, these data indicate that activation of one or more JNKs is obligatory for arsenite-induced cortical neuron apoptosis and implicate downstream transcriptional events because of the inhibition of apoptosis by dominant-interfering c-Jun constructs.
DISCUSSION
Most mechanistic studies of apoptosis have focused on proliferating, non-neuronal cells or neurons derived from the peripheral nervous system (PNS). However, the biochemical and cellular properties of mature CNS neurons are quite distinct from those of dividing non-neuronal cells or PNS neurons. Consequently, it is important to define the mechanisms for apoptosis in CNS neurons caused by specific types of cellular stress.
Although JNK and p38 are implicated for apoptosis in PC12 cells and non-neuronal cells, their contribution to apoptosis in primary CNS neurons was not well defined. There has been no clear consensus in the literature concerning the role of JNKs and p38 for regulation of apoptosis in CNS neurons (Kawasaki et al., 1997; Yang et al., 1997; Gunn-Moore and Tavare, 1998; Maroney et al., 1998; Watson et al., 1998; Kuan et al., 1999; Mao et al., 1999) . One difficulty in solidifying a role for the JNK and p38 signaling in neuronal apoptosis is attributable to the limitations of research tools used in the previous studies. For instance, pharmacological inhibitor studies have implicated p38 and JNK in several forms of neuronal apoptosis (Kawasaki et al., 1997; Glicksman et al., 1998; Maroney et al., 1998 Maroney et al., , 1999 Pirvola et al., 2000) . However, interpretation of data using inhibitors without complementary transfection studies using dominant interfering or constitutive active constructs is compromised by the uncertainties concerning the specificity of these drugs. Disruption of the JNK genes in mice has also provided clues concerning the importance of JNKs for neuronal apoptosis Kuan et al., 1999) . Mice deficient in JNK3 do not exhibit hippocampal neuron death after kainate injection, implicating JNK3 in excitotoxicity-induced apo- Figure 11 . Activation of the JNK signaling pathway is sufficient to induce caspase-dependent apoptosis in cortical neurons. A, Induction of apoptosis after expression of a constitutive active cdc42 or MEKK1, upstream activators of the JNK signaling pathway. Cortical neurons were transfected with 0, 1, or 2 g of plasmid DNA for a constitutive active cdc42 (V12) or MEKK1 as indicated. Vector control DNA was supplemented to maintain equal amounts of the total DNA added to each dish. Apoptosis in transfected cells was scored 48 hr later. B, Apoptosis induced by the constitutive active MEKK1 was blocked by co-expression of JBD. Cortical neurons were transfected with 1 g of DNA for a constitutive active MEKK1 together with 9 g of DNA for pCaMKII-JBD or vector control. Apoptosis in transfected cells was scored 24 and 48 hr later. C, Expression of bcl-2 or bcl-xL blocks MEKK1-induced apoptosis. Cortical neurons were cotransfected with cDNA encoding a constitutive active MEKK1 (1 g), bcl-2 (3 g), bcl-xL (3 g), or vector control as indicated. Apoptosis in transfected cells was scored 48 hr later. D, MEKK1-induced apoptosis requires caspase activity. Cortical neurons were cotransfected with cDNA encoding a constitutive active MEKK1 (1 g) or vector control. Four hours after transfection, 100 M zVAD or vehicle control DMSO was added to the medium to inhibit caspase activity. Apoptosis in transfected cells was scored 48 hr later. Data are mean Ϯ SEM (n ϭ 3-6). *p Ͻ 0.05; **p Ͻ 0.01. At least 500 transfected cells were counted for each data point.
ptosis . However, these mice are more resistant to kainate-induced seizure; therefore, it is not clear whether reduced cell death in JNK3 mutant mice is attributable to decreased seizure activity or the loss of an intrinsic cell death pathway .
The objective of this study was to investigate the importance of the JNK and the p38 pathways for apoptosis in CNS neurons caused by arsenite, an environmental toxicant. Treatment of cortical neurons with micromolar concentrations of sodium arsenite decreased cell viability and caused cellular changes typical of apoptosis. JNK3 and p38 but not JNK1 or 2 were activated by arsenite at concentrations that induced apoptosis. Furthermore, arsenite induced c-Jun phosphorylation. Using pharmacological inhibitors and expression of dominant-interfering constructs for the kinase pathways, we demonstrated that inhibition of either JNK or p38 signaling protects cortical neurons from arsenite toxicity. In contrast, selective activation of either pathway was sufficient to induce apoptosis. This is the first demonstration that both p38 and JNK pathways are required for apoptosis in primary CNS neurons.
The discovery that different isoforms of JNK are differentially regulated by arsenite provides new insights concerning the function of the JNK signaling pathways during stress-induced apoptosis. mRNAs for all of the JN K genes are expressed in the brain (Gupta et al., 1996) , and our data indicate that cortical neurons express JN K1, 2, and 3 kinase activities. Interestingly, arsenite stimulated JN K3 activity but not JN K1 or 2. Because general inhibition of the JN K signaling pathway blocked apoptosis, and only JNK3 was activated by arsenite, these results suggest that JNK3 specifically mediates arsenite-induced apoptosis. This is the first evidence showing differential stimulation of a JNK isoform by a specific form of stress and suggests that these kinases are not simply redundant activities. Although our data do not formally exclude a role for JNK1 and 2, the fact that only JNK3 is activated by arsenite strongly suggests a pivotal role for JNK3 in arsenitestimulated apoptosis. Our data showing high basal JNK activities and isoform-specific activation of JNKs in response to a specific stress signal illustrate the regulatory diversity of the JNKs and indicate that JNK3 plays a critical role in stress-induced apoptosis.
Cortical neuron apoptosis induced by arsenite or by selective activation of JNK or p38 was also inhibited by a caspase inhibitor, zVAD, as well as by expression of the anti-apoptotic proteins Bcl-2 and Bcl-xL. These data suggest that arsenite activates JNK3 and p38, which then induce apoptosis through a bcl-2-caspasedependent mechanism. In contrast, camptothecin-induced apoptosis in the same preparations of postnatal cortical neurons was not affected by zVAD (M. Hetman and Z. Xia, unpublished observations) . These results are consistent with recent observations that some forms of neuronal cell death are caspase-independent (Johnson et al., 1998 (Johnson et al., , 1999 Stefanis et al., 1999) . Interestingly, it was recently reported that p53-dependent caspase activation contributes to embryonic but not postnatal cortical neuron apoptosis (Johnson et al., 1999) . Our data showed that postnatal cortical neurons can undergo both caspase-dependent and -independent forms of apoptosis depending on the source of injury. We also report here that arsenite-induced apoptosis requires transcriptional and translational events. It is possible that JNK3/p38 activates the bcl-2-caspase pathway via transcriptional induction of FasL expression, as suggested in trophic withdrawal-induced apoptosis in CGCs (Le Niculescu et al., 1999) . The finding that sodium arsenite induces apoptosis in CNS neurons may explain some of the CNS defects attributed to environmental exposure to arsenite. The ubiquitous presence of arsenicals in the environment arises from natural rock formations and leaching into ground water, as well as from industrial and agricultural uses. For example, inorganic arsenicals were widely used in agricultural products, including pesticides and herbicides. Arsenic is a well established teratogen in rodents (Ferm et al., 1971; Hood and Bishop, 1972; Beaudoin, 1974; Machado et al., 1999) . Exposure of mouse embryos in culture to 3-4 M sodium arsenite results in open neural tubes (Chaineau et al., 1990; Tabocova et al., 1996) , and developmental exposure of arsenic to the dam in rodent models causes exencephaly (Morrissey and Mottet, 1983) . Data reported here suggest that activation of both JNK and p38, and subsequent stimulation of apoptosis may contribute to arsenite neurotoxicity. Activation of JNK and p38 as well as subsequent induction of apoptosis may also contribute to the neurotoxicity of other environmental toxicants. It has become increasingly clear that many toxicants exert their toxic effects by inducing apoptosis (Bolon et al., 1993; Alison and Sarraf, 1995; Bulleit and Cui, 1998) . For example, other heavy metals, including lead, mercury, and lithium, all induce neuronal apoptosis (D'Mello et al., 1994; Kunimoto, 1994; Sarafian et al., 1994; Oberto et al., 1996) . Chlorpyrifos, a commonly used organophosphate pesticide, also induces apoptosis in PC12 cells and in the neuroepithelium of cultured rat embryos (Bagchi et al., 1995; Roy et al., 1998) . Interestingly, chlorpyrifos also induces apoptosis in primary cultured cortical neurons and activates both JNK and p38 (A. Caughlan and Z. Xia, unpublished observations).
In summary, sodium arsenite induction of apoptosis in cortical neurons depends on the activity of both p38 and JNK. Because JNK3 is neural-specific and is selectively activated during apoptosis, JNK3 may be a useful target for blocking neuronal apoptosis.
